This article provides a review of the achievements and advancements in dental technology brought about by computer-aided design and the all powerful finite element method of analysis. The scope of the review covers dental implants, jawbone surrounding the implant and the biomechanical implant and jawbone interaction. Prevailing assumptions made in the published finite element analysis, and their limitations are discussed in some detail which helps identify the gaps in research as well as future research direction.
Introduction
Development of an ideal substitute for missing teeth has been one of the long-term aims of dentistry. A dental implant is a biocompatible screw-like titanium 'fixture' that is surgically placed into the jawbone. The long-term benefits of dental implants include improved appearance, comfort, speech and self-esteem. With the dental implant, the patient can eat more conveniently and the inconvenience of, and at times embarrassment caused by removable partial and full dentures can be eliminated. In addition the implant is able to protect the remaining natural teeth, stop bone loss and restore facial skeletal structure. As far as the costs are concerned, implants have shown to be less expensive overall than other types of prostheses such as crown and bridge restorations. Currently over three hundred thousand implants are in use in the United States alone. 3 Worldwide statistics show a high success rate of implantation in excess of 95% if the implants are correctly designed, manufactured and inserted. Implants are expected to be functioning for a life-long period. This is justified by the fact that the survival rate at 15 years is as high as 90% if proper and professional cares are taken. Despite all these advantages, only 15% of Australians have been supplied with single or multiple dental implants. This is mainly due to the lack of general understanding by the dentists of the stress characteristics of implant and jawbone and the biomechanical behaviour of their interaction. Another reason is the lack of clinical skills in consequence of complicated and not well-known insertion technique.
The success of a dental implant depends on a variety of factors including the design of the abutment and technique by which the abutment screw is placed into the implant. Major causes of implant failure are due to insufficient biomechanical bonding between the implant and the surrounding jawbone and also implant tooth fixtures or abutment failure. Insufficient biomechanical bonding might be initiated by, firstly, insufficient osseointegration because of the jawbone not excepting the implant. In this case the only alternative, for a single missing tooth, would be to use a bridge. Secondly, after insertion the implant might fail due to the lack of hygiene or overload. A solution would be to insert a new implant after the jawbone has restored itself. Other implant failures could be due to inaccurate design of the tooth fixture leading to overload of the abutment screw and eventually micro fractures within the implant.
Significant similarities exist between dental implants and some mechanical components, for example the bolts used in vehicle engines. The success of the bolt within the engine relies on similar factors to that of the dental implant. These factors might include load applied to bolt/implant and the stress profile within the engine block/jawbone. The dental implant however differs from the engine bolt in that the jawbone is not a rigid body like the engine block. The jawbone usually exhibits an unpredictable biomechanical reaction to the dental implant which complicates the entire implantation and integration process. 1 The phenomenon of bone response to a foreign insert, such as an implant, has not been studied adequately and the long-term effects of such stresses are still unclear. A thorough understanding of this phenomenon might lead to a reduction in the undesirable stresses produced within the jawbone. Bone is a self-adaptive material which means that when the surrounding stress is changed, the bone tissue structure is adjusted by itself to suit the new loading environment. This is known as the bone remodelling. Such remodelling includes both internal modification of apparent bone density and external alteration of bone shape. Bone remodelling induced by the change of normal biological stress is one of the most important factors causing implant failure. This is the so-called stress-shielding effect. Using the finite element method and parameterised optimum design technique, the stress-shielding effect can be minimised to a maximum extent by performing multiparameter optimisation of implant, thereby guaranteeing the success rate of implantation.
The finite element method (FEM) is a numerical method of analysis for stresses and deformations in structures of any given geometry. The structure is discretized into the so called 'finite elements' connected through nodes. The type, arrangement and total number of elements affect the accuracy of the results. The FEM has become one of the most successful engineering computational methods and most useful analysis tool since the 1960s. 4, 5 It is showing overwhelming capability and versatility in its application in dentistry. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] This paper reviews past and current practices in the finite element analysis of dental implants. The achievements and limitations of the existing analysis are discussed and the gap in research is identified. Future research directions are also recommended with particular emphasis on the stress evaluation and design optimisation associated with the implants.
Finite element modelling and analysis techniques
The jawbone and implants are very complicated structures. It is difficult to establish an accurate and valid three-dimensional (3D) finite element model using conventional modelling techniques. Two-dimensional (2D) representations of implants and jawbone structures were often assumed in previous studies. Some of which also failed to recognise the difference between the cortical and trabecular bones. As such, the calculated results are often far from the actual situation for 2D analysis, hence they cannot be used as a useful guidance to the implant treatment.
Generally previous analysis were conducted by firstly constructing a finite element model, followed by specifying appropriate material properties, loading and boundary conditions so that the desired scenarios can be accurately simulated. Various engineering software packages have been employed to model and simulate both the implant and jawbone.
Selection of either 2D or 3D analysis would depend on the software capabilities and also the required accuracy of the results. Tables 1 and 2 show the software specification, analysis level as well as the finite element meshing schemes used by various researchers during their analysis of dental implants.
' [Insert table 1 and 2 about here]'
Accurate and efficient modelling can provide insight and understanding of the complicated nature of a dental implant that is surrounded by the jawbone. The success of modelling depends on the accuracy in simulating the geometry and surface structure of the implant, the material characteristics of the implant and jawbone, the loading and support conditions as well as the biomechanical implant-jawbone interface.
Assumptions made in existing finite element analysis
FEM has become one of the most successful analysis methods used for solving dental related problems. Not unlike many other finite element applications, certain assumptions need to be made in dealing with complicated implant, jawbone and implant-jawbone interaction problems.
In general five major simplifications were made in existing analysis of implant and jawbone structures:
[1] The 2D representation of implant and jawbone structures is adopted based on either the assumption of axial symmetry of loads or geometry. 9, 25, 29 A majority of the 2D studies claim that the translation of the clinical condition to a 2D model gives sufficient insight into the behaviour of the jawbone around implants. However the stress in the jawbone predicted by a 2D model is less accurate than that predicted by its 3D counterpart. 10 [2] In most research reported to date, axially applied static loads have been assumed instead of the more realistic dynamic-cyclic loads directed at the occlusal angle encountered in the jawbone during mastication of food.
12 [3] The fact that the biomechanical reaction of the jawbone differs for each patient means that it is impossible to model the percentage of osseointegration accurately. A fixed bond between the jawbone and implant along the entire interface has been assumed. This implies that under any loading the relative motion between jawbone and implant does not occur. 24, 30, 31 [4] An assumption of homogeneous, linear, elastic material behaviour for the jawbone is used which is characterised by a single Young's modulus and Poisson's ratio. 29, 33, 34 [5] The choice of implant design for each patient depends solely on the identification, by the clinician, of the patient's bone type. An incorrect choice might lead to an implant failure. Only four different jawbone structures have been evaluated in the previous research. This might also have led to unrealistic results. 35 
Modelling of implant
Modelling of the implant involves accurate representation of the implant geometry, taperage, material properties, loading conditions and implant surface structure. Following this, a redesign of the implant geometry can be performed to achieve an optimum stress profile in the surrounding jawbone. Creating an accurate analytical model of a dental implant, using appropriate engineering software, is essential in producing realistic and reliable solutions.
Modelling assumptions and software limitations might have led to a number of inaccuracies within the obtained results. Figure 3 shows a simplified dental implant model, together with the surrounding jawbone, with applied loads in three directions. It is often assumed that the dental implant is rectangular in shape and modelled in 2D, with no cutting edges, screw thread and surface structure. A fixed bond (100% osseointegration) is also often assumed between the implant and jawbone. It was found common in many publications to assume either a vertical, oblique, occlusal, horizontal or a combination of the loads applied to the implant. 8, 9, 12, 24, 25, 26, 30, 32, 36, 37, 38, 39, 40 '[Insert figure 3 about here]'
Implant geometry
The implant geometry is an important criterion to evaluate during any analysis that considers the biomechanical influence that the implant has on the surrounding jawbone.
Siegele and Soltesz 41 investigated the stress distribution generated within the jawbone surrounding different types of dental implants (cylindrical, conical, stepped, screw-shaped, hollow cylindrical) by means of the finite element method. The results demonstrate that different implant shapes lead to significant variations in stress distributions in the jawbone. In particular, implant surfaces with very small radii of curvature (conical) or geometric discontinuities (stepped) imply distinctly higher stresses than smoother shapes (cylindrical, screw-shaped). On the other hand, Holmgren et al. 42 reported that a stepped cylindrical design is most desirable for stress distribution in the surrounding jawbone.
The implant length and diameter has a significant influence on the stress distribution, within the surrounding jawbone. 19, 38, 40, 43, 44, 45, 46, 47, 48 Finite element simulation of stress distribution around implants can be used to determine the optimum length and diameter of the implants that would best dissipate stresses induced by the implantation. Himmlova et al. 13 used FEA to compute values of von Mises stress at the implant-bone interface for all variations in length and diameter of implants. Maximum stress areas were identified to be located around the implant neck. The maximum decrease in stress (31.5%) was found for implants with a diameter ranging from of 3.6 mm to 4.2 mm. Further stress reduction for the 5.0-mm implant was only 16.4%. An increase in the implant length also led to a decrease in the maximum von Mises equivalent stress values; the implant length, however, was not as influential as that of implant diameter. Note that the length of implant ranges from 8 to 18 mm. 13 Short implants present superior failure rates. Pierrisnard et al. 38 investigated the influence of implant length and bicortical anchorage on implant stress distribution. The aim of this theoretical study was to assess to what extent the implant length and bicortical anchorage affect the way stress is transferred to the implant components, the implant abutment, and the surrounding bone. Stress analysis was performed using the finite element method and a 3D linear elastic model was generated. All implants modelled were of the same diameter (3.75 mm) but varied in length, at 6, 7, 8, 9, 10, 11, and 12 mm. Each implant was modelled with a titanium abutment screw and abutment, a gold cylinder and prosthetic screw, and a ceramic crown. The implants were seated in a supporting bone structure consisting of cortical and cancellous bone. It was concluded that the maximum bone stress was virtually constant, independent of implant length and bicortical anchorage. The maximum implant stress, however, increased somewhat with implant length and bicortical anchorage.
Wide-bodied implants placed in the posterior jaw can suffer a significantly elevated risk of implant failure compared to 'regular-diameter' implants. This may relate to either implant design or the relative relationship of implant to surrounding bone dimensions. Shin et al. 49 conducted a retrospective study documenting a 5-year cumulative survival rate (CSR) of 5-mm-diameter wide-bodied implants in posterior jaws as related to identified risk factors and relative host bone site dimensions. During this study it was found that wide-bodied implants had a CSR of 80.9%, while 'regular-diameter' implants had a CSR of 96.8%. Differences between wide-bodied and 'regular-diameter' implants was found to be statistically significant. Multivariate analysis demonstrated a significant predictive relationship between overall CSR and the ratio of implant to bone volume. A significant difference found between the CSR of the 'regular-diameter' and wide-bodied implants might be due to the differences in the damping capacity of the initial interfacial tissue. The difference between the CSR found in the maxilla (Mx) and the mandible (Md) has not been discussed although it can be observed that generally CSR in Mx is larger than that in Md. The CSR values of wide-bodied implants which was found in various other studies, are shown in Table 3 .
'[Insert table 3 about here]'
An increase in the diameter of the implant led to a decrease in the CSR value, indicating that the optimum diameter of an implant should be less than that of the wide-bodied implants used in Shin et al.'s work. This suggests that relative determinants of critical bone volume to implant dimensions may need to be considered when planning implant surgery. Implant characteristics found in various studies are shown in Table 4 below.
'[Insert table 4 about here]'
Many researchers recognized the influence that the implant geometry and the quality of the surrounding jawbone have on the overall success of the implantation, Ivanoff et al. 45 found that a relationship could be seen between implant failure and implant diameter for 4mm diameter implants evaluated between 3 to 5 years following insertion. However, no relationship could be seen between implant failure and jaw type, or bone quality and quantity for implant diameters of 3.75 and 5mm between 3 to 5 years following insertion and also for 4 and 5mm diameter implants after 5 years following insertion. Neither was any relationship seen between marginal bone loss and bone quality and quantity, implant diameter, or jaw type for implant diameters of 3.75 and 5mm between 3 to 5 years following insertion and also for 4 and 5mm diameter implants after 5 years following insertion, when tested by multiple linear regression analysis.
Taperage
Dental implants might have a degree of taperage applied to either the entire implant or just the bottom section of the implant. Tapered implants enhances primary stability by compressing the surrounding jawbone during and after implantation. The tapered body also facilitates implant placement between convergent roots, in areas with labial concavities and in immediate extraction sites.
Mailath et al. 50 compared cylindrical and conical implant shapes exposed to physiological stresses and examined the occurrence of stress concentrations at the site of implant entry into the jawbone. It was reported that cylindrical implants produced a more desirable stress profile than the conical shaped counterparts. The need for tapered implants have been identified due to the fact that the survival rate of oral implants in softquality bone were demonstrated to be inferior to that of implants inserted in good-quality bone.
Astrand et al. 51 showed that a possible way to increase the survival rate in soft-quality bone may be to use a tapered implant. Such an implant has been developed and manufactured by Nobel Biocare AB, Gothenburg, Sweden (http://www.nobelbiocare.com). 52 The aim of their study was to compare the outcome of using the tapered Branemark System Mark IV fixture with that of using earlier Branemark fixtures in a controlled prospective study. It was concluded that with regard to survival rate and marginal bone level changes, no differences could be demonstrated between the Mark IV tapered implant and the Branemark implants used earlier. However, compared with earlier results of Branemark implants in soft-quality bone, the Mark IV (increased taperage) implant demonstrated an improved survival rate. Friberg et al. 53 investigated through practical experimentation the tapered implants as compared to the straight cylindrical ones. The tapered implant design resulted in an increased primary stability which may be important when placing implants in jaw regions of type 4 bone.
O'Sullivan et al. 54 conducted a study to analyse the mechanical performance and the primary and secondary stability characteristics of endosseous titanium implants with 1 degree (EXP1) and 2 degrees (EXP2) of taper when compared with the standard Branemark design (http://www.nobelbiocare.com). 52 At placement, significantly higher insertion torque (IT) was needed to insert the EXP implants. Resonance frequency analysis (RFA) has been used to quantitatively measure implant stability over time. It has long been a recognized need among dental professionals involved in dental implant therapy. 55 The measurement is taken with a transducer screwed onto the implant, the piezo elements of which are caused to oscillate. The device records the resonance frequency produced from the implant-bone interface which is displayed graphically. The oscillation of the implant transducer element is recorded as the implant stability quotient (ISQ). 56 Successful implantations indicate an increase in the recorded RFA value, between the period of surgical insertion and the connection of the abutment. A decrease in the RFA recorded value causes a marginal bone loss which in turn would yield unsuccessful implantation. RFA values were significantly higher for EXP1 implants placed in the tibia but not in the femur. In pooling data from the femur and tibia there was a significant difference. The EXP2 implants failed to insert fully and demonstrated a lower RFA value than may have been expected due to the exposed threads, although this difference was not statistically significant. The results obtained by O'Sullivan et al. 54 showed that the EXP1 resulted in a better primary stability compared with the standard Branemark design. There was no evidence that the tapered design caused negative bone tissue reactions. Stability due to the taperage was gained during the healing period.
Material properties of implant
The biomechanical properties of an implant are very different to the original tissue. The design and manufacture of artificial materials that are aimed at being used within the human body, is becoming increasingly challenging.
Titanium and bio-ceramic materials, such as hydroxyapatite are extensively used as fabrication materials for dental implant due to their high compatibility with hard tissue and living bone. 57 Titanium has reasonable stiffness and strength while hydroxyapatite has low stiffness, low strength and high ability to reach full integration with living bone. A number of material properties have been adopted for titanium in previous analysis. These are presented in Table 5 , where the Young's modulus of titanium has been taken from 102. In order to achieve adequate dental implantation of the biomaterial, full integration of the implant with living bone must be guaranteed. Uniform stresses of an optimum magnitude in the implant and jawbone must be satisfied to increase the life of the implant and prevent bone resorption. Hedia and Mahmoud 57 investigated functionally graded material (FGM) to achieve the above advantages. The optimal materials of the FGM dental implant are found to be a combination of hydroxyapatite and titanium. The finite element investigations have shown that the maximum stress in the bone for the hydroxyapatite/titanium FGM implant has been reduced by about 22% and 28% respectively compared to currently employed titanium and stainless steel dental implants.
Moroi et al. 58 found that the hydroxyapatite coating reduced the heat conduction to the surrounding tissue because of its low thermal conductivity. However, thermal stress was induced by thermal expansion of the hydroxyapatite and titanium core. This might influence the success of hydroxyapatite-coated implants because the biomechanical properties of ceramics are sufficiently poor leading to insufficient tensile and shear stresses in the surrounding jawbone. The biomechanical integration between living bone and ceramic are not as successful as that of pure titanium. In addition, this tendency becomes more pronounced when the hydroxyapatite-coating surface extends beyond the cortical bone. It is important to fully understand the mechanical behaviour of a natural tooth, in order to improve dental implant performance within the surrounding jawbone. Table 6 shows the material properties of a natural tooth, adopted by various researchers.
'[Insert table 6 about here]'
The Young's Modulus of enamel summarised in Table 6 has an unexplained variance that could possibly be due to the fact that different testing techniques were employed. For example, by altering the angle of inclination, with respect to the vertical direction, at which the impact test is used will drastically affect the obtained results for the strength of the enamel. The strength of the enamel will be significantly less if it was impact tested parallel to the tubules of the enamel. For other parts of a tooth, Menicucci et al. 30 found that Mucosa had a Young's modulus, E of 1 MPa and a Poisson's ratio, v of 0.37. It was also found that Pulp had a Young's modulus, E of 2 MPa and a Poisson's ratio, v of 0.45. The natural tooth is the ultimate design for its operation and to truly understand its material properties and function is the key to future implant enhancement. The material property information provided in Tables 5 and 6 should be used as a guide in creating the finite element models of dental implant and jawbone.
Loading
Masticatory forces acting on dental implants can result in undesirable stress within the surrounding jawbone which in turn can cause bone rejection to the implant, leading to eventual failure of the implant. In order to produce accurate predictions of the implant-jawbone behaviour, it is essential to determine realistic loading magnitudes and directions. Richter 39 investigated the actual loads experienced by teeth during chewing. Four main types of food (rubbery confection, pieces of sausage, carrots, and crackers) were examined for their effects on the load experienced by teeth during chewing. Table 7 shows the typical load level experienced in the vertical, transverse and mesiodistal directions, as indicated in Haraldson et al. 65 evaluated the mastication forces and chewing efficiency in nine patients, whom were treated with overdentures on osseointegrated implants in the mandible. The bite force was measured during gentle biting, biting as when chewing and biting with maximal effort. All subjects improved subjectively as well as clinically after treatment. The bite force during gentle biting increased on average from 17.3 N before treatment to 24.0 N one yr after treatment. A corresponding improvement of biting as when chewing was also found; from on average 24.0 N before to 38.7 N after treatment. The maximal bite force increased from on average 74.6 N at the baseline examination to 131.5 N at the one-year follow-up. The chewing efficiency improved from the confidence interval, Ci = 4 (Median value) before treatment to Ci = 2.8 (Median value) after treatment. Which means that the middle value of the patients who experienced an improvement in chewing efficiency improved by a factor of 1.2. It is concluded that treatment with an overdenture supported by osseointegrated implants in the mandible improves oral function compared to the situation before treatment.
To successfully replicate the clinical situation, that an implant might encounter, it is important to understand the loading that is induced by the jawbone muscles unto the implant. Koolstra et al. 66 constructed a 3D mathematical model of the human masticatory system, containing 16 muscle forces and two joint reaction forces. Maximum possible bite forces were computed using optimisation techniques; the optimisation criterion used was to minimize the relative activity of the most active muscle. The model predicted that at each specific bite point, bite forces can be generated in a wide range of directions, and that the magnitude of the maximum bite force depends on its direction. The relationship between bite force direction and its maximum magnitude depends on bite point location and mandibular position. In general, the direction of the largest possible bite force does not coincide with the direction perpendicular to the occlusal plane, as illustrated in Figure 5 .
'[Insert figure 5 about here]'
A significant amount of investigations have assumed the direction of the load applied to the implant to be in three directions, horizontal, vertical and oblique. Canay et al. 9 and Tada et al. 37 both assumed a horizontal load of 50N and a vertical load of 100N with no oblique forces. Whereas Meijer et al. 26 assumed a horizontal force of 10N, vertical force of 35N and an oblique force of 70N at an angle of 120 degrees from the horizontal, as shown in Figure 6 .
'[Insert figure 6 about here]' Barbier et al. 67 found that the horizontal loading of a freestanding implant evoked the largest maximum stresses, although the magnitude of the applied horizontal load was five times smaller than that of the vertical load. Non-axial loading has often been related to marginal bone loss, failure of osseointegration, failure of the implant and/or the prosthetic components and if connected to natural teeth, failure of the cement seal on the natural tooth. 68, 69, 70 
Implant surface structure
The surface quality of an implant is a combination of physical, chemical, mechanical and morphologic factors. Wennerberg et al. 71 analyzed four groups of implant surface characteristics, these included group A which was Hydroxyapatite (HA) coated used by Various aspects of surface quality have been studied, some showing the presence of surface contaminants (although the biological implications of these are unclear) and better bone fixation of rough compared to smooth surfaces. Implant surface characteristics have a dramatic effect on the speed and integrity of osseointegration and the maintenance of soft tissue and surrounding jawbone around the implant. Surface modification is initiated by factors such as stress reduction and increased surface area. Hermann et al. 79 found that the rough/smooth implant surface has a significant effect on marginal bone formation as evaluated by standardized longitudinal radiography. Bone remodelling occurs rapidly during the early healing phase after implant placement for non-submerged implants and after abutment connection for submerged implants. Figure 7 shows the difference between a submerged and non-submerged implant. Non-submerged implants are common at the time of insertion; whereas submerged implants are expected after 3 months of healing.
'[Insert figure 7 about here]'
The finite element method has not been employed widely to evaluate the effect that the surface roughness of the implant has on the stress profile produced within the surrounding jawbone. Ronold et al. 80 experimentally analysed the optimum value for titanium implant roughness in bone attachment using a tensile test. The results supported observations from earlier studies that suggested an optimal surface roughness for bone attachment to be in the range between 3.62 and 3.90 micro-millimetres. The analysis also indicated that a further attachment depend on mechanical interlocking between bone and implant.
Wennerberg and Albrektsson 81 found that an implant with increased surface roughness leads to a more rapid bone response, particularly to the intermediate rough surfaces (1-1.5µm). The implant surface roughness was determined using the RMS (root mean square) roughness 'equation (1)', as shown below:
[ ]
where, ) (χ s is the surface height at point x in the surface profile, ) (χ s is the average height of the surface profile and, n is number of samples collected. 82 These surfaces have in general been compared to the socalled machined or turned surfaces, with little emphasis being paid to the range of surface textures that might exist within a machined screw implant. For crestal bone, Hansson 83 compared implants with smooth necks to those with screw thread along the entire implant to bone contact surface. It was found that a major decrease in peak interfacial shear stresses occurred if the entire implant to bone contact had a screw thread. It was concluded that the implants with screw thread along the entire surface would counteract marginal bone resorption in accordance with Wolff's law 84 . It has been found by various authors 85, 86 that the osseointegration of the implant to the surrounding jawbone can be enhanced by simply increasing the surface area of the implant body. Contradictory to Pelsoczi et al. 85 and Misch et al. 86 , Rokni et al. 87 found that the implant surface area had insignificant affects on the steady-state crestal bone levels in partially edentulous patients treated with sintered porous-surfaced dental implants.
Threaded implants have an advantage when compared to un-threaded but porous surfaced implants, such as the Endopore 88 design. With threaded implants a primary stability is achieved through the thread design however the fixation which occurs at the bone-implant interface, can allow for rotational movement. Whereas a porous design greatly increases the surface area at the interface between bone and implant and hence shorter implants can be used. This, in turn, means that Endopore implants can be used in applications for which much longer, threaded implants would be unsuitable. Clinical, radiographic and histological examinations of the Endopore design, have demonstrated that shorter implants, shorter initial healing periods and simpler surgical techniques can be obtained. 89 These results have been demonstrated to be consistent in a clinical setting, where success rates exceed 96%.
Modelling of jawbone
The primary difficulty in simulating the mechanical behaviour of dental implants is the modelling of human bone tissue and its response to applied mechanical forces. The substantial complexity of the mechanical characteristics of bone and its interaction with implant systems has led to major and often incorrect simplifications made in previous analysis.
Being a self-adaptive material, jawbone needs to be stimulated in order to be retained. A sufficiently low stress would lead to bone loss whereas large stress can cause implant-jawbone interface failure. The ultimate aim during implantation is to achieve the optimum stress profile within the surrounding jawbone. Rieger et al. 20 and O'Mahony et al. 36 both assumed that the target stress level for maximum bone growth occurs at 250psi (1.72 MPa) levelling off to a control level at 400psi (2.76 MPa). The stresses depend on both the size and shape of the implant, and hence efforts were made to optimise implant geometry to maintain the beneficial stress level in a variety of loading scenarios. Hassler et al. 90 showed that the target compressive stress level for maximum bone growth occurs at 1.8 MPa, levelling off to a control level at 2.8 MPa.
The jawbone experiences stress shielding which is an unpredictable biomechanical response to an applied load. Some theoretical work by Cowin 91 has dealt with the problem of formulating Wolff's law in a quantitative fashion. In this theory, constitutive equations are developed which predict the remodelling response to a given stress. Stability considerations are invoked to obtain some constraints on the parameters in the constitutive equation.
Material properties of jawbone
The long-term clinical performance of a dental implant is dependant on the preservation of good quality bone surrounding the implant and a well-maintained interface between the biomaterial of the implant and the bone. Clinically, jawbone material properties are categorised into four types. Figure 8 shows that Types 1 and 2 offer high Young's modulus, while Types 3 and 4 have a thin cortex and low Young's modulus with low trabecular density. Jaffin and Berman 92 stated that 90% of 1,054 implants placed were in Types 1 to 3 bones. Only 3% of these fixtures were lost; of the 10% of the fixtures placed in Type 4 bone, 35% failed.
'[Insert figure 8 about here]'
The mandibular is classified into cortical, crestal and trabecular tissue, it is a porous material with a complex microstructure. The quality and quantity of bone surrounding the implant influences the load transfer from implant to the jawbone. With the correct stress level within the jawbone, the correct amount of stress shielding will occur. Stress shielding is the mechanism that protects the jawbone from stresses that it might encounter by increasing the bone density. Wolff 84 observed that bone is reshaped in response to the forces acting and this is referred to as Wolff's law. Ideally the selection of the correct implant design, will lead to maximum bone density increase.
Dechow et al. 94 conducted an investigation into the use of bone plates on the mandible in four adult rhesus monkeys. At the beginning and end of the experiments, bone strain was recorded inferior to each bone plate during evoked maximal incisal clenching. After death, gross dimensions and density were measured. An ultrasonic technique was used to measure the material properties, including the elastic and shear moduli. Bone strain inferior to the plates was reduced by 34% to 53% after attachment of the thick plates. Long-term placement of bone plates, and the resulting stress shielding, were found to result in structural changes in the mandibular corpus.
Meijer et al. 26 assumed isotropic, linear elastic and homogenous material properties for bone. But it has been stated by Patra et al. 25 that the material of bone is neither homogeneous nor isotropic and should be modelled as being a porous material with a complex microstructure. It is recognized that cortical bone has better load bearing capabilities than trabecular bone. Lotz et al. 95 have shown that cortical bone behaves anistropically, having both transverse and longitudinal module. At the microscopic level, bone is seen to be a composite. The collagen fibres form different arrangements depending on the type of bone. In compact bone, the collagen fibres are very directional. This leads to an orthotropic type material behaviour, such as a classic fibre/matrix composite material. 28 investigated the biomechanical effect of mandibular functional flexure on stress build-up in implantsupported fixed restorations. Bony tissue was simulated by considering spongy (cancellous) bone to be replaced by an isotropic elastic material, while cortical bone was assumed to be isotropic, with the Young's modulus higher than that of the spongy bone (the physical properties of the materials are reported in Table 8 ).
The ratio between spongy and cortical bone thicknesses was approximately 10, as estimated from the autoptic section of the mandible; spongy/cortical bone thicknesses were considered constant throughout the mandibular body. It was concluded, during Zarone's study, that a significant amount of stress in the more distal implants and the superstructure at the symphysis arises as a consequence of mandible functional flexure. The analysis of the stress distributions generated by the different restorative patterns suggests that a division of the superstructure at the level of the symphysis significantly restores the natural functional flexure of the mandible.
Boundary conditions
Most finite element analysis have only considered a small part of the jawbone surrounding the implant. 9, 24, 25, 37, 38, 96 It has been found common during the construction of the finite element model, of the jawbone, to apply fixed constraints to the lower region of the jawbone. 25, 96 Patra et al. 25 modelled bone support using muscle attachment with spring constraints as opposed to fixed constraints used in previous studies. Ishigaki et al.
14 determined the directions of displacement constraints which were applied to the jawbone, according to the angles of the closing pathways of chopping type (C-type) and grinding type (G-type) chewing patterns. Directions of displacement constraints at the bottom of the mandible simulated the calculated directions of the closing pathways for C-type and G-type chewing patterns. The magnitude of the chewing force was selected as 200N. The sum of the nodal force on the mandibular occlusal surface was 200N after displacement constraints were applied to the model. The models were restrained at the base of the maxillary first molar to avoid sliding of the entire model.
Ideally the entire jawbone structure should be evaluated for its contribution to the force exerted unto the dental implant. Hobkirk and Schwab 97 analytically examined the mechanical effect of the contraction of the lateral pterygoid muscles (depresses and protracts mandible to open mouth) during opening and protrusive movements of the mandible. According to previous studies, the lateral pterygoid muscles pulling medially on the condyles mainly cause flexure of the mandible. It was assumed that the effect of these muscles is equivalent to two concentrated loads applied on the condyles along the horizontal rotational condylar axis. An arbitrary load of 10N was applied in the x-direction on the mandibular model in the presence of different typologies of fixed prosthetic restorations.
Modelling of interface
The periodontal ligament (PDL) in natural teeth provides a spring like reaction. Creating an implant model with a PDL positioned between the implant and surrounding jawbone, has not been accomplished. Previous research has considered replicating the mechanical effect of the PDL by designing an abutment which provides a cushioning effect similar to that of the periodontal ligament. This abutment will compress by 0.5mm when 78.5N of axial load is applied to the implant. 98 In this way it provides a 'buffering' action during the masticatory process to reduce the loading responsible for premature failure of implants. But for the required strength of the abutment screw, it was found that the abutment would become loose after it has been loaded several times.
Kaewsuriyathumrong and Soma
99 investigated the stress created by the bite force and which is distributed along the tooth towards the PDL structure. 3D Finite element analysis was performed to examine the role of the tooth and PDL structures in the stress distribution. A mandibular first molar was constructed in the finite element model. The bite forces were measured by pressensor, and these bite force values were programmed to load down upon the occlusal surface of the model. When comparing the stress values of sampling points positioned between the root surfaces and the periphery of the PDL (the alveolar wall), all principal stresses for those of the PDL were less than those of the root surfaces. These findings revealed that the PDL, the dentine, and the pulp functioned in cooperation in stress reduction; and the sequences of enamel, dentine, and pulp influenced the pattern of stress distribution. The different material properties of the tooth structure in sequence were considered a very important factor for stress reduction and for the pattern of stress distribution, especially in the root. Skalak and Zhao 100 stated that close apposition of bone to the titanium implant surface means that under loading, the interface moves as a unit without any relative motion; this is essential for the transmission of stress from the implant to the bone at all parts of the interface.
Stanford and Schneider
101 considered how the material properties of bone on implant surfaces influence biological responses to loading. It was found that the osseous interface of a dental implant responds with a visco-elastic reaction. The titanium oxide layer, on the implant, provides a macroscopic and microscopic architecture which controls the shear strains at the interface.
Recommendations for future research directions
The various aspects associated with the finite element modelling and analysis of a dental implant and surrounding jawbone have been discussed in some detail in the preceding sections. Extensive research has been completed in the past that has led to significant findings relating to the biomechanical behaviour of the implant, jawbone and their interaction. An in-depth understanding of implant related problems, the development of an optimum implant design and the insertion technique still merit further and advanced investigation.
An initial recommendation involves the construction of a realistic jawbone model. For future research it might be recommended to identify a wider range of jawbone material properties according to the age and health condition of the patients. A possible method by which today's technology can be employed to perform such a task might include the use of CT image production and computer image processing technique. This technique has been used in hip joint research, 102 however its application in dentistry is limited. There is a great potential in using CT-based image processing technique in dental implant research, as it is easy to distinguish between the cortical and trabecular bones from the CT images. Once a set of digital CT images of the jawbone are obtained, a precise 3D geometric model of jawbone and surrounding tissue can be readily established using image processing and reverse engineering approaches. 27, 103, 104 The biomechanical response of the jawbone to a foreign object has not been modelled previously using numerical methods. The jawbone experiences stress shielding which is an unpredictable biomechanical response to an applied load. Ideally a computer programme/software can be developed which can predict the degree of stress shielding that the jawbone surrounding the implant experiences. The stress shielding produced by numerous jawbone types might also be evaluated through the use of CT-scanned images at set intervals during the healing stage. This will lead to an improved knowledge, for both the implant designer and implant surgeon, of how the jawbone will remodel in different implant placement insertion techniques, designs and loading conditions. An alternative method by which the stress shielding within the jawbone can be evaluated experimentally might be through the use of a photoelastic stress analysis technique. 105 Numerous investigations have been aimed at determining the optimum geometry of an implant body. Some researchers indicated that the implant geometry had little or no effect on the success of the implant. 38, 45 While other researchers concluded that an implant diameter of 3.6-4.2mm provides the highest success rate. 13 A new methodology might be employed to determine the optimum combination of length, diameter, taperage, and implant cutting flute dimensions for each bone type. It is proposed that such a methodology might involve the use of the Application Programming Interface (API) function of commercial software. This software redevelopment work will lead to a 3D multi-parameter optimum design of the implant based on CAD parameterisation design technique. 106 When an implant is surgically placed into the jawbone, the implant is mechanically screwed into a drilled hole of a smaller diameter. Large stresses will occur due to the torque applied in the process and the fact that the implant is cutting into the jawbone. As such, the stress condition in the jawbone will change accordingly. This phenomenon has not been researched adequately and the long-term effects of such stresses are still unclear and should therefore be investigated and the solution be sought so that undesirable stresses can be minimised.
The recommended future research areas, discussed above, will aid dentistry by providing an improved understanding of the effect that the implant geometry and orientation has on the stress distribution within the jawbone, during and after the implant is surgically placed into the jawbone. A reduction in the discomfort experienced by the patient during and after implant treatment might occur due to an improved method of surgically placing the implant into the bone.
Conclusion
Finite element analysis (FEA) has been used extensively to predict the biomechanical performance of various dental implant designs as well as the effect of clinical factors on the success of implantation. The principal difficulty in simulating the mechanical behaviour of dental implants is the modelling of the living human bone tissue and its response to applied mechanical forces. Research has been conducted on the design philosophy, length, diameter and shape of implants as well as the biomechanical bond formed between the implant and the jawbone. Such work has been mainly directed towards finding the most biocompatible materials with which the dental implants are constructed, in an attempt to reduce the potential risks of clinical failure. Despite the numerous research efforts in the field, no ideal design philosophy is available and the biological interaction at the interface between the implant material and the living tissue is not yet fully understood.
An in-depth understanding of stress profiles encountered by the implant and more importantly in the surrounding jawbone can be gained through the use of FEM. This increase in knowledge of stress distributions and magnitudes within the implant and surrounding jawbone will aid the optimisation of the implant design and insertion technique. It is of great importance that the clinician gains an understanding of the methodology, applications, and limitations of FEA in implant dentistry, and become more confident to interpret results of FEA studies and interpret these results to clinical situations.
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